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2TABLE I: Laser eld parameters are specied in columns one
and two: Set I is XFEL-like; Set II is strong. Columns three




), and total number








), Eq. (7), where
t
>
is the time at which the number density reaches its (for
weak elds, local) maximum. A typical laser pulse length is




































A key quantity in the description of nonequilibrium
particle production processes is the single-particle mo-
mentumdistribution function, f(~p; t). For Dirac particles
coupled to an Abelian gauge eld it can be obtained by
solving a quantum Vlasov equation [13, 14]. Once f(~p; t)
is known the calculation of the produced particle number
density and total particle number is straightforward. In
general the Vlasov equation involves source and collision
terms, and its coupling to Maxwell's equation provides
for the eld-current feedback typical of plasmas. The
absolute and relative importance of these terms depends
on the magnitude of the background eld and the mass
of the produced particles [3]. For the relatively weak
XFEL-like elds we expect the produced-particle num-
ber density to be small and hence collisions to be rare.
Therefore we neglect the collision term and arrive at the























































































; and the total energy-
squared !
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The eect of quantum statistics on the particle pro-
duction rate is evident in the factor \[1 2 f ]" in Eq. (3),
which ensures that no momentum state has more than
one spin-up and one spin-down fermion. In addition,
both this statistical factor and the \cos" term introduce
non-Markovian character to the system: the rst couples
in the time history of the distribution function's evolu-
tion; the second, that of the eld. One anticipates that
such memory eects are only important for very strong
elds: E  E
cr
; i.e., when the time-scale characteristic












FIG. 1: Time and momentum dependence of the distribu-
tion function f(~p; t) for p
?
= 0 obtained with the conditions
described in Set Ia of Table I. This alternating laser eld pro-
duces repeated cycles of particle creation and annihilation.
lar in magnitude to the time taken to tunnel through the
barrier [14, 15, 16]. We will verify that such eects are
unimportant for XFEL-like elds and that, in this ap-
plication, one may employ the low density (l.d., f  1)











































Equations (3) and (4) are coupled: Eq. (3) depends
on the total eld, E(t), calculated from Eq. (4), and the
electric eld itself depends on the polarisation and con-
duction currents, which are proportional to df=dt and
f , respectively. For strong elds the internal currents
are non-negligible and eld-current feedback will gener-
ate plasma oscillations. However, as we will demonstrate,
that is not relevant for realisable XFEL elds.
We turn now to a quantitative analysis of two exem-
plary electric eld strengths in Eq. (2), solving Eqs. (3)
and (4) using a 4
th
order Runge-Kutta method. The
weaker eld: E = 0:1E
cr
; i.e., Sets I in Table I, should
be obtainable at the proposed XFEL facilities [9, 10].




Figure 1 depicts the time evolution of the momentum
distribution function for electrons produced under cur-
rently anticipated XFEL conditions. This relatively weak
alternating eld generates repeated cycles of pair cre-
ation, with about 1:6  10
5
local maxima in one laser
pulse. The production rate: S(~p; t) = df(~p; t)=dt, is
clearly time-dependent and vanishes at these local max-
ima. Therefore an estimation of S at a xed time, as
in Refs. [11, 12], is potentially misleading. Under these
conditions there is no accumulation of produced particles
because creation and annihilation processes are balanced;
i.e., all the particles produced have suÆcient time to an-
nihilate again before the next cycle of particle creation.
Hence the number of particles cannot exceed the value







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































FIG. 4: Current for Sets II of Table I. The plateaux occur
when the produced particles reach their terminal velocity, al-
most the speed of light. The oscillatory behaviour is driven by
the laser frequency. (NB. For an XFEL-like eld the current
is zero on the scale of this gure.)
is a net accumulation of particles.
We have explored the possibility of electron-positron
pair production through vacuum decay at the focus of
achievable X-ray free electron laser beams via the self-
consistent solution of a quantum Vlasov equation cou-
pled to Maxwell's equation. This is a rigorous appli-
cation of non-equilibrium quantum mean eld theory.
Our complete calculation conrms that the eect will
be observable if proposed facilities achieve their design
goals. Under such conditions the production rate is time-
dependent, with repeated cycles of particle production
and annihilation in tune with the laser frequency, but
the peak particle number is independent of the laser fre-
quency: up to 10
3
pairs may be produced in the spot
volume. Our procedure yields the full single particle mo-
mentum distribution function (Fig. 3) and hence provides




pairs. It also veries that, at present design goals: col-
lisions among the produced particles can be neglected
because the maximum particle number density is low
(Fig. 2); a Schwinger-like source term is adequate because
the non-Markovian features of the true source term have
no impact (Fig. 3) and hence the low density approxi-
mation to the distribution function, Eq. (5), is accurate;
and eld-current feedback will not inuence the produc-
tion process (Fig. 4).
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